Abstract. 1
Advances in genetics have allowed for greater investigation into the complex microbial 2 communities mediating mercury methylation in the environment. In wetlands in particular, 3 dissolved organic matter (DOM) may influence methylmercury production both through direct 4 chemical interactions with mercury and through substrate effects on the environmental 5 microbiome. We conducted microcosm experiments in two chemically disparate wetland 6 environments (unvegetated and vegetated sediments) to examine the impact of DOM from 7 leachate of local vegetation and inorganic mercury loadings on microbial community 8 membership, metagenomic potential, DOM processing, and methylmercury production. We 9
show that while DOM loadings impacted the microbiome in both environment types, sediment 10 with high organic carbon content was more resistant than oligotrophic sediment to changes in 11 microbial community structure and methylmercury production. We identify putative 12 chemoorganotrophic methylators within the class Clostridia as primary community members 13 associated with methylation rates in contrast to previous work focusing on microorganisms 14 involved in sulfur, iron, and methane cycling. Metagenomic shifts toward fermentation, and 15 secondarily iron metabolisms, as well as degradation of complex DOM indicated by fluorescence 16 indices further support the involvement of rarely acknowledged biogeochemical pathways in 17 mercury toxicity. We therefore propose that DOM addition in our system generates 18 methylmercury production either 1) via direct methylation by fermenting bacteria or 2) via 19 enhancing the bioavailability of simple carbon compounds for sulfate-and iron-reducing bacteria 20 through breakdown of complex DOM. Our results demonstrate variation in sediment 21 methylmercury production in response to DOM loading across geochemical environments and 22 provide a mechanistic framework for understanding linkages between environmental 23 microbiomes, carbon cycling, and mercury toxicity. 24
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072017 doi: bioRxiv preprint first posted online Aug. 29, 2016; Here, we examine the influence of plant leachate and inorganic mercury loadings on 80 microbial methylmercury (MeHg) production in a contaminated freshwater estuary at the base of 81 Lake Superior. We hypothesize that environmental biogeochemistry (in particular, DOM 82 quantity and quality) exerts controls over mercury methylation rates through regulating total 83 microbial activity and through influencing the abundance and metabolic diversity of mercury 84 methylators. We test this hypothesis across chemically distinct oligotrophic versus high carbon 85 (C) sediments associated with unvegetated and vegetated environments, using a microcosm 86 experiment to monitor changes in sediment microbiomes, DOM chemical quality, and MeHg 87 production in response to additions of leachate from overlying plant material and inorganic 88 mercury. Our results suggest the involvement of novel methylating microorganisms with 89 metabolisms that ferment recalcitrant organic matter in MeHg production, particularly within 90 oligotrophic environments, an effect that may be imperative to understanding and mitigating 91 human exposure to MeHg with increasing rates of anthropogenic eutrophication. 92 Sediment was obtained in 250-mL amber Nalgene bottles from the top 10 cm of sediment using a 108 block sampling design described in the Supplemental Material. Leachate was extracted using 1 g 109 dried, ground plant matter:20 mL of Nanopure water, filtered through Whatman 0.7 μ m GFF 110 filters (Whatman Incorporated, Florham Park, NJ, USA). Microcosms were constructed in 500-111 mL airtight glass mason jars and stored at room temperature in the dark in Mylar bags with 112 oxygen-absorbing packets between subsampling. A full-factorial design was employed with two 113 environments (vegetated and unvegetated sediment) and two treatments (plant leachate and 114 Nanopure water). Each microcosm received 100 g wet sediment, and 250 mL solution consisting 115 either of DOM at 100 mg/L and HgCl 2 at 20 mg/L in Nanopure water (DOM-amended 116 replicates) or solely of HgCl 2 at 20 mg/L in nanopure water (controls). Addition of HgCl 2 at high 117 concentration negated initial differences in mercury and provided substrate for the duration of 118 the experiment. Microcosms were incubated for 28 days, and subsamples of sediment and water 119 were taken every seven days for analysis of sediment microbiomes and DOM characteristics. All 120 sample processing was conducted in an anaerobic glovebox containing 85% N 2 , 5% CO 2 , and 121 10% H 2 gas mix at the USGS in Boulder, CO Microbial community dissimilarity matrices based on 16S rRNA sequences were 191 constructed using the weighted UniFrac method (Lozupone et al. 2011) in QIIME. We 192 preformed analysis using the full community and within the methylating community. To 193 examine the relative abundance of our methylating OTUs, we removed OTUs with less than 194 eight total occurrences (bottom quartile) in our 91 subsamples to limit artifacts from sequencing 195 errors. Alpha diversity for each sample was assessed using the PD whole tree metric in QIIME. 196
Methods
The relative abundance of methylators was compared between DOM-amended and control 197 microcosms within each environment at T0 and T4 using paired unequal variance Student's t-198
tests. 199
Changes in community membership through time (T0-T4) were assessed with ANOSIM 200 in QIIME. Differences in alpha diversity at T0 were assessed using paired unequal variance 201 Student's t-tests. Relative abundances of major clades were assessed between vegetated and 202 unvegetated environments at T0 and changes in clades through time (T0-T4) were assessed using 203 non-parametric Kruskal-Wallis tests. SIMPER analysis was conducted using the 'vegan package' 204 to identify OTUs driving community dissimilarity between T0 and T4 in microcosms receiving 205 DOM. Correlations between methylating clades that exhibited significant changes Wallis, T0-T4), HIX, and MeHg production were assessed at T4 using Pearson's Correlation, 207
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Upregulation of COGs, Pfams, and KEGG pathways in at T4 relative to T0 were 210 evaluated using binomial tests. Upregulated targets (FDR-corrected P < 0.01) were examined for 211 correlations with HIX and MeHg production at T4 with Pearson's Correlation. 212
Results. 213
Ambient geochemistry and microbiology. 214 (Table 1) . 222 Microbial community structure was significantly different between the two environments 223 (ANOSIM, P = 0.001, R= 1.00), though alpha diversity did not differ and major phyla were 224 similar ( Table 1 ). The relative abundance of methylators was higher in the vegetated 225 environment (t-test, P = 0.02), and the structure of potential methylators within microbial 226 communities also differed between environments (ANOSIM, P = 0.001, R = 0.99). 227
Microbiome response to HgCl 2 and DOM addition. 228
Over the course of the incubation, microcosms with vegetated, high-C sediment produced 229 over ten times more MeHg than unvegetated sediment microcosms, regardless of DOM 230
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072017 doi: bioRxiv preprint first posted online Aug. 29, 2016; amendment (t-test, control P = 0.04, DOM P = 0.01, Figure 1 ). In addition, mercury methylation 231 was significantly enhanced by DOM addition within the unvegetated nutrient-poor environment 232 with roughly two to four times more production in microcosms receiving DOM as compared to 233 controls (t-test, P = 0.04, Figure 1 ). However, DOM addition did not stimulate significantly 234 more MeHg production than control replicates in the vegetated environment (t-test, P > 0.05, 235 clades through time (ANOSIM, T0-T4, P > 0.05). This result was not unexpected given our 247 small sample sizes (methylator OTUs contained less than 1% of sequences). 248
Variation in community membership in response to DOM addition was partially 249 generated by an increase in Clostridia (Kruskal-Wallis, veg.: P = 0.001, unveg.: P = 0.006, 250 Figure 2B ) and a decrease in Deltaproteobacteria (Kruskal-Wallis, veg.: P = 0.12, unveg.: P = 251 0.005, Figure 2B ) in both environments. In particular, Clostridia abundances increased by 3-fold 252 and 10-fold, respectively in vegetated and unvegetated environments, driven by increases in 253 .
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The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072017 doi: bioRxiv preprint first posted online Aug. 29, 2016; nearly all families of Clostridia. These shifts were mirrored within our subset of data containing 254 only suspected methylators ( Figure 2C ), which showed distinct (non-significant) trends for 255 increases in Clostridia and decreases in Deltaproteobacteria in response to DOM addition in 256 both environments. 257
Changes in the methylating community were more evident at finer taxonomic levels. One 258 family of Clostridia (Peptococcaceae), sharply increased with DOM addition (Kruskal-Wallis, 259
veg.: P = 0.09, unveg.: P = 0.02, Figure 2D ). These changes were driven by two closely related 260 methylating OTUs (Kruskal-Wallis, Dehalobacter restrictus veg.: P = 0.04, and 261
Syntrophobotulus glycolicus, unveg.: P = 0.001) grouped in a single genus by our classification 262 system (Dehalobacter_Syntrophobotulus, Kruskal-Wallis, veg.: P = 0.03, unveg.: P = 0.0009, 263 Figure S2 ). Increases in Clostridia (t-test, P = 0.002), Peptococcaceae (t-test, P = 0.009), 264
Dehalobacter restrictus (t-test, P = 0.004), and Syntrophobotulus glycolicus (t-test, P = 0.007) as 265 well a trend for decreases in Deltaproteobacteria (t-test, P = 0.09) were also reflected in 266 metagenomic data ( Figure 3D) . 267 SIMPER analysis of 16S rRNA genes associated with methylator taxonomy in 268 unvegetated DOM-amended microcosms indicated that two OTUs, in D.r restrictus (increase) 269 and in Geobacter (decrease), significantly contributed to community differences between T0 and 270 T4 (P < 0.05, Table S1 ). This was reflective of broader changes in the full community, in which 271 22.9% of 175 SIMPER-identified OTUs belonged to Clostridia (increased from avg. 0.78 272 OTUs/sample to avg. 17.20 OTUs/sample, Table S3 ) while 8% belonged to Deltaproteobacteria 273 (decreased from avg. 8.5 OTUs/sample to 7.4 OTUs/sample, Table S2) . 274
In total, 7,150 KEGG pathways, 84 COGs, and 79 Pfams were upregulated at T4 relative 275 to T0 in unvegetated DOM-amended microcosms. Upregulated KEGG pathways, COGs, and 276
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All upregualted targets denoted enhanced expression of glycosyltranseferases, among other 278 pathways involved in DOM oxidation and in iron and nitrate reduction. 279
Changes in DOM chemistry. 280
Details of DOM quantity and quality changes are presented in the Supplemental Material 281 and regression statistics are presented in Table 2 . Control microcosms for both environments 282 The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/072017 doi: bioRxiv preprint first posted online Aug. 29, 2016; suggesting equal processing of labile vs. recalcitrant DOM. Freshness varied non-linearly in 299 DOM-amended but not control microcosms ( Figure 4E and F) . 300
Across environment types, HIX was significantly higher in vegetated microcosms (t-test, 301 DOM-amended: P < 0.0001, control: P = 0.005). FI and freshness were higher in unvegetated 302 DOM-amended microcosms than in vegetated DOM-amended microcosms (t-test, FI: P = 303 0.0006, freshness: P < 0.0001) but did not differ across control microcosms (FI: P = 0.76, 304 freshness: P = 0.12). 305
Correlation of microbiome, DOM characteristics, and MeHg production. 306
Given the apparent shift in community structure towards Clostridia, and Peptococcaceae 307 (putative chemoorgantrophic methylators) in particular, we examined correlations of this family 308 with the proportion of complex organic matter (HIX) and MeHg production within each 309 environment. We focused on HIX because this index changed consistently and reflected portions 310 of recalcitrant carbon substrate pools utilized by the organisms we identified. Because we only 311 calculated MeHg production at the conclusion of the incubation, we analyzed these correlations 312 at T4 and grouped DOM-amended and control replicates within each environment to provide 313 sufficient variation and sample size. Finally, despite low statistical power (n = 3), we observed notable trends (P < 0.10) 318 between key metabolic pathways and HIX (Table 3 ). In particular, COGs classified as: 319
Glycosyltransferase, Glycosyltransferases involved in cell wall biogenesis, Transcriptional 320 regulator, HD-GYP domain, Glycosyltransferases -probably involved in cell wall biogenesis, 321 and SusD family displayed significant correlations with HIX at the P < 0.10 level. Only Pfam 325 PF00593, TonB dependent receptor, correlated with MeHg production (P < 0.001, r = -1.00, 326 Table 2 ). 327 328
Discussion. 329
Mercury methylation across environments. 330
Geochemical and microbial characteristics varied across environments, resulting in 331 differential patterns of MeHg production. Within the vegetated high-C environment, DOM and 332
HgCl 2 addition did not influence the sediment microbiome or MeHg production to the same 333 extent as within the unvegetated environment (Figure 1, Figure S1 ). Given high ratios of C:N, 334 high OC content, and low NO 3 -concentrations in our vegetated sediment (Table 1) operate at comparable rates to more energetically favorable carbon processing pathways 366 (Reimers et al. 2013 ). Moreover, organic acids (e.g., lactate and acetate) produced through these 367 pathways can be subsequently utilized as a carbon source by sulfate-and iron-reducing 368 . 
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Associations between microbiology, DOM processing, and MeHg production. 410
The processing of proportionally more labile organic matter would be expected to result 411 in decreases in DOM freshness and increases in HIX. However, our results suggest substantial 412 contributions of recalcitrant organic matter processing within the unvegetated environment (but 413 not the vegetated environment which followed expectations). In unvegetated microcosms 414 . Pfam targets with HIX and MeHg production at T4 (n = 3). Relationships are presented in Table  857 3 
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